For many arthropod vectors, the diverse bacteria and fungi that inhabit the gut can negatively impact pathogen colonization. Our attempts to exploit antibiotic treatment of colonized Phlebotomus duboscqi sand flies in order to improve their vector competency for Leishmania major resulted instead in flies that were refractory to the development of transmissible infections due to the inability of the parasite to survive and to colonize the anterior midgut with infective, metacyclic stage promastigotes. The parasite survival and development defect could be overcome by feeding the flies on different symbiont bacteria but not by feeding them on bacterial supernatants or replete medium. The inhibitory effect of the dysbiosis was moderated by lowering the concentration of sucrose (<30% w/v) used in the sugar feeds to maintain the colony. Exposure of promastigotes to 30% sucrose was lethal to the parasite in vitro. Confocal imaging revealed that the killing in vivo was confined to promastigotes that had migrated to the anterior plug region, corresponding to the highest concentrations of sucrose. The data suggest that sucrose utilization by the microbiota is essential to promote the appropriate osmotic conditions required for the survival of infective stage promastigotes in vivo.
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Summary
For many arthropod vectors, the diverse bacteria and fungi that inhabit the gut can negatively impact pathogen colonization. Our attempts to exploit antibiotic treatment of colonized Phlebotomus duboscqi sand flies in order to improve their vector competency for Leishmania major resulted instead in flies that were refractory to the development of transmissible infections due to the inability of the parasite to survive and to colonize the anterior midgut with infective, metacyclic stage promastigotes. The parasite survival and development defect could be overcome by feeding the flies on different symbiont bacteria but not by feeding them on bacterial supernatants or replete medium. The inhibitory effect of the dysbiosis was moderated by lowering the concentration of sucrose (<30% w/v) used in the sugar feeds to maintain the colony. Exposure of promastigotes to 30% sucrose was lethal to the parasite in vitro. Confocal imaging revealed that the killing in vivo was confined to promastigotes that had migrated to the anterior plug region, corresponding to the highest concentrations of sucrose. The data suggest that sucrose utilization by the microbiota is essential to promote the appropriate osmotic conditions required for the survival of infective stage promastigotes in vivo. promastigotes that are uniquely pre-adapted for their transition to life in the vertebrate host. The identification of molecules that enable the parasite to survive within these harsh, diverse environments continues to be the focus of much of the research devoted to these organisms.
With respect to the insect promastigotes stages, a family of surface and secreted phosphoglycan-containing molecules have been shown to be essential for the parasite to survive certain natural barriers to midgut colonisation, including the digestive enzymes that are induced upon blood feeding, and the excretion of the blood meal remnants that necessitates promastigote attachment to the gut wall to avoid being expelled (Sacks & Kamhawi, 2001 ). Another potential barrier to parasite † These authors contributed equally to this work.
sal yeast or bacterial species reduced the frequency and intensity of
Leishmania mexicana infection in these flies (Sant'Anna et al., 2014) .
The induction of antimicrobial peptides, for example, defensins, by the introduction of bacteria into sand flies has been shown (Boulanger et al., 2004; Telleria et al., 2012) , although what role, if any, these responses play in the inhibition of Leishmania colonisation is not known.
One conclusion from these studies is that any manipulation that reduces the size and/or diversity of the natural microbiota should enhance the ability of Leishmania to establish infections in the fly, similar to the increased susceptibility to Plasmodium faliciparum or to dengue virus infection observed in antibiotic-treated Anopheles gambiae or Aedes aegypti mosquitoes, respectively (Dong, Manfredini, & Dimopoulos, 2009; Xi, Ramirez, & Dimopoulos, 2008) . It was therefore surprising that antibiotic treatment of L. longipalpis sand flies was recently shown to severely restrict their ability to support the growth and differentiation of Leishmania infantum (Kelly et al., 2017) . In the current studies, our attempts to exploit antibiotic treatment of colonised P. duboscqi sand flies in order to improve their vector competency for L. major resulted instead in flies that were highly refractory to the development of transmissible infections. We attribute this phenomenon to the capacity of the gut bacterial symbionts to create the appropriate osmotic conditions required for the survival of infective stage, metacyclic promastigotes in the anterior midgut.
2 | RESULTS 2.1 | Antibiotic treatment prevents survival and late stage development of L. major in P. duboscqi
Phlebotomus duboscqi is the natural vector of L. major transmission in West Africa and a permissive vector in the laboratory for most L. major strains. Infection with LmRy produced an initial growth of promastigotes in the midgut over the first 3 days that survived excretion of the digested blood meal (Days 4-6), followed by another stage of growth and differentiation into non-dividing, infective stage metacyclic promastigotes (Days 9-14) ( Figure 1a) . Addition of penicillin and streptomycin (P/S) to both the blood and sugar meals resulted in normal growth and persistence of promastigotes over the first 6 days, followed by a drastic reduction in the intensity of infection compared to control flies at Days 9-14, which was accounted for almost entirely by a reduction in the number of metacyclic forms. This effect was observed when the antibiotic was included in both the blood and subsequent sugar meals, or in the sugar meal only (Days 5-14), but not when the antibiotics were confined to the blood meal ( Figure 1b) . The effect of the antibiotic treatment on inhibiting L. major growth and development was also observed when the flies were maintained on 30% glucose instead of sucrose ( Figure 1c ). Our in vitro propagation of Leishmania promastigotes is routinely carried out in the presence of P/S, so we did not believe that there was a direct effect of the antibiotics on the growth and differentiation of the parasite.
This was confirmed by the in vitro results showing identical growth and differentiation to metacyclics in the presence or absence of P/S ( Figure S1 ). The reduced number of metacyclics in the antibiotictreated flies resulted in a striking reduction in their capacity to transmit L. major by bite, both with regard to the frequency of successful transmissions (2 of 10 ears vs. 9 of 10 ears) and the inoculated dose when transmissions occurred (Figure 1d ).
2.2 | Population size and diversity of bacterial communities in P. duboscqi This possibility was addressed by allowing the infected sand flies, with and without P/S treatment, to feed on blood meals containing Leifsonia (10 4 /ml). The bacterial feeds did not significantly inhibit the number and proportion of metacyclics emerging in the infected flies and actually increased the number of metacyclics in some of the P/S-treated flies, though this difference was not significant (Figure 3a) . In order to determine if the vector refractory state of the antibiotic-treated flies could be reversed by reconstitution of their microbial flora, a P/S-resistant strain of Rahnella aquatilis was generated by selection in vitro and added to the infective blood meal. Reconstitution with this single microbial species significantly rescued the ability of the antibiotictreated flies to support the growth and differentiation of L. major (Figure 3b ). Although we were unable to generate P/S-resistant Ochrobactrum to replicate these findings with the other dominant symbiont species in the gut, we were able to select for P/S-resistant clones FIGURE 2 Changes in the size and diversity of bacterial communities in P. duboscqi following infection and treatment with P/S. Flies were artificially fed through a membrane on mouse blood seeded with 4 × 10 6 /ml LmRy promastigotes and treated or not with P/S in the blood and sugar meals. (a) Dissected midguts at 14 days postinfection (p.i.) were cultured on TSA and MacConkey agar. Bar graphs show mean CFUs + SD, 10 midguts/group. (b) Culture-dependent and (c) culture-independent analysis of the gut bacteria at 14 days p.i. based on PCR amplification and cloning of the16S DNA prepared from pools of 10 flies in each group
Effect of penicillin/streptomycin (P/S) on Leishmania major development in P. duboscqi. Flies were artificially fed through a membrane on mouse blood seeded with 4 × 10 6 /ml LmRy promastigotes and dissected at the indicated times postinfection and scored for the number and developmental stage of promastigotes under a haemocytometer. Flies were treated or not with (a) P/S in the blood and sugar meals (30% sucrose), (b) P/S in the blood and/or sugar meals (30% sucrose), or (c) P/S in the blood and sugar meals comprised of either 30% sucrose or 30% glucose. (d) quantification of ear dermal parasite loads in BALB/c mice 4 weeks after exposure to the bites of sand flies infected 2 weeks previously by artificial feeding on mouse blood seeded with 4 × 10 6 /ml LmRy promastigotes and treated or not with P/S in the blood and sugar meals. Values shown are parasite numbers per individual ears with geometric means ±95% confidence interval (CI); **p = 0.004; ***p = 0.001; ****p = 0.0001. Data shown in (a) are representative of more than five independent experiments, (b) three independent experiments, (c) two independent experiments, and (d) one experiment involving the same population of infected flies of two other cultivable Enterobacteriaceae from the gut, Enterobacter cloacae and Serratia rubidaea. In each case, addition of the selected bacteria to the infective blood meal promoted a significant recovery of the number of metacyclics that developed in the flies treated with P/S post-blood meal excretion (Figure 3c,d) . The feeds on Enterobacter were especially beneficial to the parasite, with the majority of flies harbouring infections that were equivalent to controls. Figure 3d also shows the effect on L. major infection in flies that were antibiotic treated and fed on P/S-resistant Serratia rubidaea at 6 and 3 days prior to receiving their infective blood meal, respectively. Although there was no difference in the number of metacyclics between the control and P/S pretreated groups, the pretreated flies that were allowed to feed on Serratia had significantly improved infections compared to controls and were striking with respect to the consistency of the strong, mature infections that were achieved.
Culture-dependent analysis of the size of the bacterial communi- 
| Effect of nutrient repletion on L. major infections in antibiotic-treated flies.
A number of experiments were carried out to address the possibility that the bacteria might be providing essential nutrients for the normal growth and differentiation of L. major in the midgut. Supernatants Although Leishmania promastigotes grown in replete medium differentiate into metacyclic forms during stationary growth, this process is relatively inefficient under these in vitro growth conditions (<20%, see Figure S1 ) as compared to the sand fly midgut (>70%, see Figure 1a ).
In an effort to better reproduce the conditions influencing promastigote growth and development in vivo, LmRy promastigotes harvested from mid-logarithmic phase growth in complete medium, corresponding to the early procyclic forms replicating in the blood meal following an infective feed, were washed and resuspended in water containing different concentrations of sucrose as the sole carbon source. This was meant to simulate the change in nutrient availability following excretion of the digested blood meal. Optimal promastigote survival over 68 hr. was observed at or near iso-osmolar concentrations of sucrose (7.5-12.5%) (Figure 7a ). Promastigotes survived poorly at hypo-(≤5%) or hyper-osmolar concentrations of sucrose (≥15%). Most organisms died within 1 hr. of exposure to ≥25% sucrose, and few remained viable after 40 hr. exposure to ≥15% sucrose. When the stage differentiation of the viable cells was scored, 63-87% of the promastigotes cultured in 7.5-12.5% sucrose were metacyclics by 68 hr (Figure 7b ). The metacyclics produced under these starvation conditions behaved as fully infectious forms for macrophages in vitro ( Figure S6 ). Although the striking effects of these conditions on in vitro metacyclogenesis appear to replicate the highly efficient stage differentiation that occurs in the vector, the sensitivity of the promastigotes to killing by sucrose concentrations of ≥15% was unexpected given their presumed exposure to the high concentration (30%) of sucrose that is provided in the sugar feeds. This exposure would seem especially relevant to the promastigotes that migrate to and accumulate in the thoracic midgut behind the stomodial valve where the sugar meals that are stored in the crop will be delivered at their highest concentration prior to absorption and diffusion to the more posterior aspects of the midgut (see Figure S7 ). We confirmed 2.7 | Time lapse confocal imaging reveals that killing is confined to promastigotes in the thoracic midgut.
Confocal imaging of dissected midguts at 2 weeks postinfection with LmRy (red fluorescent protein, RFP) in control flies revealed , 1985) . These studies employed extremely FIGURE 8 Confocal imaging of infected midguts. Flies were artificially fed through a membrane on mouse blood seeded with 4 × 10 6 /ml LmRy (red fluorescent protein, RFP) promastigotes. Flies were treated or not with P/S in the blood meal and in the sugar meals composed of 30% sucrose and dissected at 13-14 days postinfection. Time lapse images of intact midguts were acquired on a single focal plane with a frame rate of 750 ms using a bidirectional scan speed of 1,000 Hz, and representative static images were selected for display. has been previously shown to be an effective cue for metacyclogenesis in vitro (Serafim et al., 2012) , as has acidic pH (Bates & Tetley, 1993) .
Although there was no drop in pH associated with the transformation that occurred in the sucrose starvation medium in vitro, we cannot rule out the possibility that products of both promastigote and bacterial metabolism contribute to a drop in pH that provides an additional signal for metacyclogenesis in vivo. Our in vitro studies furthermore revealed that the high sucrose concentration used to feed the flies (30%) was lethal to the promastigotes, as were sucrose concentrations down to 15%, suggesting a critical role for sucrose utilisation by the bacteria to reduce the osmolyte concentration to a tolerable level for the parasite. The use of 30% sucrose for colony maintenance is within the reported range of natural nectar sucrose concentrations of 20-40% (600-1200 milliosmolar; iso-osmolar condition relative to plasma = 305 mOsM) (Chalcoff, Aizen, & Galetto, 2006; Gottsberger, Schrauwen, & Linskens, 1984) , though the sucrose concentration in sap is reported to be lower to optimise flow in vascular plants (Jensen, Savage, & Holbrook, 2013) . So far as we are aware, the preferential feeding source of P. duboscqi in the field has not been studied, so the relevance of the conditions of sugar feeds used in these studies to natural feeds can only be speculated. Because the antibiotic treatment inhibited L. major infection in flies fed on both sucrose and glucose, and over a 15-30% range of sucrose concentrations, we consider it likely that the natural sugar meals will also pose a barrier to parasite development requiring a role for the natural microbiota to ameliorate these effects.
Most of the sugar meal is stored in the crop, a large ventral diverticulum of the foregut that is not colonised by the parasite but is used to store food before it enters the midgut. Its contents are passively delivered through a duct into the thoracic midgut for digestion and absorption. Thus, the anterior migration of promastigotes that is essen- Our findings confirm a recent study involving another Leishmania species (L. infantum), and another vector (L. longipalpis), in which dysbiosis of the midgut also resulted in promastigote killing and failure to generate metacyclics (Kelly et al., 2017) . No attempts were made to rescue the parasites using feeds on live bacteria or bacterial products or to localise the killing to different midgut microenvironments, so it is not clear if the bacteria are contributing the same benefit to Leishmania survival as we report here. With regard to other disease vectors, a recent study also revealed a beneficial role of the gut microbiota of the Lyme disease vector, Ixodes scapularis, in promoting colonisation of the gut epithelium by Borrelia burgdorferi, in this case by reinforcing the integrity of the peritrophic matrix in larval ticks (Narasimhan et al., 2014) . And although experimental co-infections of bacteria with Plasmodium sp. have consistently been shown to reduce the number of oocysts in the mosquito midgut, a positive correlation between the abundance of Enterobacteriaceae sp. and P. falciparum infection in
Anopheles gambiae collected from natural breeding sites has been reported (Boissiere et al., 2012) . Thus, the invertebrate midgut microbiota in some cases provides a favourable niche for pathogen transmission. For Leishmania transmission studies involving colonised sand flies, dysbiosis followed by reconstitution with a single bacterial species (Serratia rubidaea) prior to infection allowed us to substantially improve the proportion of flies with the high number of metacyclic promastigotes that is required for transmission by bite (Stamper et al., 2011) . Although the species, dose, and timing of bacterial feeds will undoubtedly need to be customised to the sand fly and Leishmania species involved, deliberate manipulation of the microbiota offers a general experimental approach to establish reproducible, mature infections that has so far been extraordinarily difficult to achieve. In field settings, manipulations that alter the size and/or the diversity of the microbiota might be exploited to reduce disease transmission.
| EXPERIMENTAL PROCEDURES
| Ethics statement
This study was carried out in strict accordance with the recommenda- 
| Parasites
L. major Ryan (LmRy) was derived from a strain originally isolated from a lesion biopsy of a laboratory worker accidentally exposed to sand flies that were experimentally infected with a strain of L. major (WR2885) originating in Iraq (Stamper et al., 2011) . All experiments were carried out using a stable transfected line of LmRy expressing a RFP generated as previously described (Kimblin et al., 2008) . Parasites were cultured as promastigotes in vitro at 26°C in complete medium 199 (CM199) supplemented with 20% heat-inactivated foetal calf serum (Gemini Bio-products), 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine, 40 mM Hepes, 0.1 mM adenine (in 50 mM Hepes), 5 mg/ml hemin (in 50% triethanolamine), 1 mg/ml 6-biotin, and 50 μg/ml of Geneticin (G418, Gibco, Woodland, CA, USA). To 
| Sand fly infections
Briefly, 2-to 4-day-old P. duboscqi females were obtained from a colony flies per experimental group were anaesthetised with CO 2 , killed in 5% soap solution, and whole midguts were dissected and transferred individually into a microfuge tube containing 100 μl PBS pH 7.4. The guts were macerated briefly using a plastic pestle, a 10-μl sample of the supernatant was counted under a haemocytometer and the numbers of metacyclic promastigotes, non-metacyclic forms, and total parasite number, as determined by morphology and movement, were counted.
Metacyclic promastigotes generated in vivo are readily identified by their characteristic morphology, elongated flagellum, and high motility.
Confocal images and tiles of infected midguts were taken using a Leica SP8 microscope equipped with HyD detectors, a 40×/1.30NA objective, and a DPSS 561 nm laser. Time lapse images were acquired on a single focal plane with a frame rate of 750 ms using a bidirectional scan speed of 1,000 Hz.
4.5 | Exposure of mice to infected sand flies L. major infections were allowed to mature for 14-16 days within the sand fly midgut, and BALB/c mice were exposed to the bites of 4-5 infected flies as previously described (Stamper et al., 2011) . One day before transmission, the sucrose diet was removed. On the day of transmission, 4-5 flies were transferred to small plastic vials covered at one end with a 0.25-mm nylon mesh. Mice were anaesthetised by intraperitoneal injection of 30 ul of ketamine/xylazine (100 mg/ml).
Specially designed clamps were used to bring the mesh end of each vial flat against the ear, allowing flies to feed on exposed skin for a period of 2-3 hr in the dark at 23°C and 50% humidity. Following exposure to the ear, the number of flies per vial with a blood meal was determined using a dissecting microscope. Six weeks following transmission, parasite loads in the ears were determined as previously described (Stamper et al., 2011 ).
| Isolation and identification of bacteria
The population size and diversity of the gut bacteria in P. duboscqi were determined by both culture-dependent and culture-independent methods as previously described (Hubert et al., 2012) . (Hugenholtz, Goebel, & Pace, 1998) .
The resulting products were purified, sequenced, and identified by BLAST search of the NCBI GenBank database as previously described (Hubert et al., 2012) . For culture-independent method, DNA was extracted from homogenates prepared from pools of surface sterilised whole flies (10 per group) and partial sequences of the 16S rRNA gene were amplified and cloned using pGEM®-T Easy Vector (Promega). University of Illinois at Chicago. cDNA was PCR amplified with primers 27F and 534R targeting the V1-V3 16S variable regions using a two-stage "targeted amplicon sequencing (TAS)" protocol (Bybee et al., 2011) . PCR cycling conditions were performed according to the Human Microbiome Project consortium 16S rRNA gene amplicon sequencing protocol (http://www.hmpdacc.org/doc/16S_ Sequencing_SOP_4.2.2.pdf). Sequence data were processed using the software package QIIME (Caporaso et al., 2010) .
4.7 | Sand fly feeds on bacteria, bacterial supernatants, and replete medium.
Enterobacter cloacae, Serratia rubidaea, and Rahnella aquatilis were selected for antibiotic resistance by sequential selection of colonies grown on LB agar containing increasing concentrations of P/S (25 U/ mL penicillin and 25 μg/ml streptomycin to 100 U/ml penicillin and 100 μg/ml streptomycin). The antibiotic-resistant clones were cultured in LB medium to an OD 600 value defined for each isolate to yield a known number of CFUs per millilitre, pelleted, washed, and resuspended in PBS. A suspension of naturally resistant Leifsonia was similarly prepared. The bacterial suspensions were added to the blood meal in a volume of 20 μl to give a final concentration of 10,000 CFU/ml and fed to sand flies by membrane feeding as Island, NY), 10 mM folate, 5 mg/ml hemin, and 0.1 mM adenosine.
| Statistical analysis
Student t test was used to assess significant differences in parasite counts between control and treated flies. ANOVA was used in cases where more than two groups were compared.
